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tLung transplantation is the established treatment modalityfor nonmalignant end-stage parenchymal and vascular lung
diseases.Nowadays themajority of procedures are performed as
bilateral transplants. According to the registry of the Interna-
tional Society for Heart and Lung Transplantation (ISHLT),
which coversmore than 3000 transplants annually, the percent-
age of bilateral procedures has constantly risen and reached
more than 70% of all lung transplant procedures.1 In our own
enter, the percentage of bilateral procedures reaches up to 90%
f the overall lung transplant volume.
The background for this strategy can be found in the per-
istent survival benefit of bilateral lung recipients compared
o single-lung recipients.2,3 Although a selection bias might
lay a role in obtaining these superior results, the survival
enefit is, however, reproducible in the ISHLT database
mong different diagnoses and different age groups.
Advanced operative techniques of bilateral transplantation
ith special importance for pediatric recipients include lobar
ransplantation and split-lung transplantation, which, how-
ver, are performed in specialized centers only. In addition,
iving related lung donation can be another technical option
or bilateral transplantation in selected patients.
Extracorporeal Support
The routine use of intraoperative extracorporeal support in
bilateral lung transplantation remains controversial. Some
centers routinely perform all bilateral procedures on an ex-
tracorporeal support, with the intention of avoiding uncon-
trolled reperfusion of the first implanted lung and the advantage
of intraoperative cardiocirculatory stability. Other centers prefer
to use extracorporeal support only when it becomes absolutely
necessary, especially in patients with pulmonary hypertension
or whenever insufficient oxygenation on single-lung ventilation
or hemodynamic instability exists.
Before pneumonectomy is performed on the first side, the
pulmonary artery is manually compressed for 3 to 5 minutes.
If hemodynamic instability or pulmonary artery pressure ap-
proaching levels of systemic pressure are observed, extracor-
poreal support is indicated. If the procedure is performed
without support and the first implanted lung shows signs of
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immediate installation of extracorporeal support is war-
ranted to avoid additional damage to the newly implanted
lung, which is otherwise exposed to the entire cardiac output
during this phase.
The most widespread intraoperative support device is car-
diopulmonary bypass (CPB). However, an increasing num-
ber of institutions use heparin-coated extracorporeal mem-
brane oxygenation (ECMO) instead of CPB, which avoids full
heparinization and therefore leads to a reduced turnover of
blood.4 With CPB, a bilateral pneumonectomy can be per-
formed before the implantation and both donor lungs can be
reperfused at the same time. With ECMO, a sequential ap-
proach is mandatory. A significant amount of the cardiac
output can be bypassed by the lung to allow optimal con-
trolled reperfusion with the additional benefits of nonaggres-
sive ventilation. The flow rate must be set in such a way as to
ensure a pulsatile pulmonary blood flow, which can be mon-
itored by the pulmonary artery pressure curve and the end-
tidal CO2. If the flow is too high, the entire cardiac output is
ypassed by the lung, which then suffers from a warm isch-
mia. Intraoperative extracorporeal support can be provided
y either central or peripheral cannulation.
The decision of whether to prolong the ECMO support in
he postoperative period is taken after an initial stabilization
hase. In our center, postoperative extracorporeal support is
iberally applied, especially in patients with pulmonary hy-
ertension.
Donor Lung Procurement
Donor lung procurement is usually performed in an identical
way for bilateral and single lung transplantation. The lungs
are retrieved en bloc and are separated at the back table and
stored separately for transportation on ice slush. A distinct
difference in the procurement technique for bilateral lung
transplantation is now induced by the ex vivo lung perfusion
technique (EVLP). The lungs are transferred en bloc for the
procedure and splitting is only performed after the EVLP.
The initial selection of suitable donor organs andmatching
with prospective recipients are performed according to the
information available from the donor hospital.5 One of the
ost important values is gas exchange. When mechanically
entilated with an FiO2 of 1.0 and a positive end-expiratory
ressure of 5 cm under water, a suitable allograft is charac-
erized by a PO2 of at least 300mmHg and normal CO2 levels.
Regarding the acceptable donor age, different guidelines ex-
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182 C. Aigner and W. Klepetkoist, although donors more than 65 years of age are usually not
accepted. The smoking history should be less than 20 packs/
years. Chest radiography should be without any pathologic
intrapulmonary findings. A chest trauma or in certain cases
an infiltrate, if unilateral, does not preclude the donation of
the unimpaired lung. Donation after circulatory death has led
to a substantial increase in available donor organs. Donors
after circulatory death are categorized according to the Maas-
tricht criteria in controlled and uncontrolled donors. The
majority of centers use Maastricht category III controlled do-
nors with results comparable to brain-dead donors. EVLP has
emerged as a new option to increase the donor organ pool for
lung transplantation by enhanced evaluation and improve-
ment of otherwise unacceptable donor organs.
Size matching is primarily based on donor and recipient
height, gender, and total lung capacity (TLC). In recipients,
the real TLC can differ significantly from the predicted TLC,
depending on the underlying disease, which has to be taken
into account in the size matching.6,7
The first step in the actual donor lung procurement is a bron-
choscopywith endobronchial inspection of the lungs to exclude
injury, aspiration, and inflammation or infection. A frequent
finding is mucus in the central airways, which can be easily
removed by suction. A peripheral putrid secretion that recurs
after suction is indicative of pneumonia. Anatomical variations
that might influence the transplant procedure can be detected
and usually a bronchoalveolar lavage sample is taken.
The approach for the procurement procedure itself is a stan-
dardmedian sternotomy. The pericardium andboth pleurae are
opened and a first palpation and visual inspection of the lungs
are performed. Special attention is given to atelectatic areas of
the lung, which might impair gas exchange, to infiltrates, nod-
ules, traumatic alterations, or lung edema. Compliance is
checked by temporarily disconnecting the ventilator, which
should result in an immediate collapse of the lungs. Thereafter,
pericardial stay sutures are placed. The superior and inferior
caval veins are encircled and a suture around the superior vena
cava is placed for later ligation. The aorta is separated from the
pulmonary artery to allow aortic cross-clamping.
If the lungs and heart are procured from the same donor,
agreement on the exact site of pulmonary artery cannulation
and left atrial division must be established between the pul-
monary and cardiac procurement teams.
The patient is fully heparinized intravenously with 300
IE/kg. Thereafter a purse-string suture is placed on the main
pulmonary artery around 1 to 2 cm central to the bifurcation
to ensure adequate perfusion of both lungs and to leave suf-
ficient main stem artery for heart transplantation. Cannula-
tion is performed with a standard cannula and the perfusion
set is de-aired.
Most centers administer 500 g prostaglandin E1 (PGE1)
either intravenously or directly in the pulmonary artery be-
fore any vascular occlusion. Thereafter, the superior vena
cava is ligated. The inferior vena cava is clamped to allow a
sufficient cuff for both the heart and the liver. After all pro-
curement teams have finished their preparations, the ascend-
ing aorta is cross-clamped and perfusion with preservation
solution is started. Four to six liters of extracellular high-
molecular dextran solution aremost frequently used for pres-
ervation. Immediately after cross-clamping, the auricle of the
left atrium is opened to allow drainage of the pulmonarypreservation solution. In the case of simultaneous heart pro-
curement, preservation solution is administered via the as-
cending aorta and drained via an incision in the inferior caval
vein.
During the complete perfusion period, the lung is venti-
lated to allow optimal peripheral distribution of the preser-
vation solution. As soon as the perfusion is finished, ventila-
tion is stopped and the ventilator is disconnected to allow full
collapse of the lung. The inferior caval vein is usually dis-
sected first. During separation of the left atrium, special at-
tention must be paid to ensure a sufficient cuff for both the
lungs and the heart. Too much upward traction on the heart
should be avoided to ensure a normal anatomy of the veins,
especially on the right side and to avoid cutting too periph-
erally. Finally, the superior caval vein and the aorta are di-
vided. The pulmonary artery is divided just central to the
bifurcation to allow a maximum length of the main truncus
for heart transplantation and full length of left and right main
artery. Retrograde flush perfusion of the lungs with preser-
vation solution can be performed either at this stage with the
lungs in situ or after removal on the back table.
After removing the heart, the pericardium is incised bilater-
ally down to the pulmonary ligaments. Starting on either side,
the pulmonary ligament is divided and thereafter the dissection
is carried on upward along the anterior border of the esophagus
in the posterior mediastinum up to the cranial part of the tra-
chea. Thereafter, dissection is performed on the other side. Dur-
ing this maneuver, the azygos vein must be divided on the right
side and the descending aorta divided on the left side.
Thereafter the anterior cervical trachea is prepared and the
remaining tissue lateral to the trachea including the carotid
artery, subclavian artery, and the corresponding veins is di-
vided en bloc. This leaves the entire double lung block just
connected to the trachea. The lungs are moderately inflated
and the trachea is stapled as cranially as possible. Finally, the
lungs are removed from the donor chest cavity.
Harvesting is standardized as described above in brain-dead
donors. In donation after circulatory death, additional logistic
preparations such topical cooling of the lungs in the donor
might be necessary. In these donors there is no need to perform
an inflow occlusion and cross-clamping of the ascending aorta.
After sternotomy, antegrade and retrograde flushperfusionwith
preservation solution are performed. The remaining technical
steps to procure the lung are the same.
Size-Reduced
Lung Transplantation
Sometimes the donor organ is found to be unexpectedly large
during the retrieval. Various options are available to down-
size donor lungs to overcome size discrepancies. In the case
of a moderate size mismatch, nonanatomical simple wedge
resections are an effective tool to tailor the donor lung. The
most straightforward target areas for these resections are the
middle lobe on the right side and the lingula on the left side.
In the case of a more pronounced size discrepancy, lobar
transplantation is another option. The division of the lobes is
performed at the back table immediately before the implan-
tation to allow the most accurate size matching. The paren-
chyma of the donor lung is subdivided by stapler after iden-
Bilateral lung transplantation 183tification of the artery in the interlobar fissure and the arterial
supply of the resected lobe is ligated. The veins and the bron-
chus are divided and after complete excision of the lobar
carina the anastomoses are performed in a standard fashion.
Polydioxanone 5-0 instead of 4-0 is used for the bronchial
anastomosis. Lobar transplantations can be performed using
the right or left upper or lower lobes or a combination of the
right lower lobe together with the middle lobe.of diffuse ischemic narrowing of the intermediate bronchus inuse of donor organs and is performed by subdividing the
parenchyma of a left donor lung and replacing the right
recipient lung by the donor’s upper lobe with an inverse
anastomosis of the bronchus (pars cartilaginea to pars
membranacea). The recipient’s left lung is replaced by the
donor’s lower lobe.
All of these techniques can also be applied to accept over-
sized donor organs for urgent pediatric or small adult recip-Split lung transplantation represents the most efficient ients.
Operative Technique
Figure 1 Separation of the donor lungs. The posterior pericardium is dissected and the left atrium and the pulmonary
arteries are separated at the midline. Thereafter, the left main bronchus is prepared and stapled just below the carina.
Attention must be paid not to denude the bronchus to avoid ischemic complications of the anastomosis after trans-
plantation. The lungs are stored inflated in preservative solution and cooled on ice at 4°C for transport.
The final steps in preparing the donor lung are usually taken immediately before implantation. The vessels are
prepared to provide sufficient cuff length and shortened to avoid any kinking. The bronchus is shortened with only 1
cartilage ring remaining after the separation of the upper lobe bronchus tominimize the potential of ischemic problems.
The peribronchial tissue must be preserved and denudation of the bronchus must be avoided under all circumstances.
Special attention must be given on the right side to preserve the tissue not only around the main bronchus but also the
intermediate bronchus, which can easily be harmed during preparation of the vessels andmight contribute to problemsthe postoperative course. PA  pulmonary artery.
184 C. Aigner and W. KlepetkoFigure 2 Positioning of the patient for bilateral lung transplantation is supine with abducted arms and the chest elevated
by inflatable cushions. The entire chest is scrubbed with either 1 or both groins in the sterile field. This provides access
for all types of thoracic approaches as well as for femoral cannulation. In this position no additional femoral arterial line
to aid in blood pressure monitoring is usually required.
Bilateral lung transplantation 185Figure 3 In patients with a large chest cavity, separate bilateral thoracotomies can be used as a surgical approach.8,9 The
standard approach on the right side is the fourth intercostal space, which provides excellent access to all hilar structures
and gives the opportunity for central cannulation for CPB or ECMO whenever necessary. The serratus anterior muscle
is divided, whereas the latissimus dorsi can be left untouched. It is important to open the intercostal muscles from just
posterior of the internal thoracic artery to the posterior end of the rib to allow full spreading of the intercostal space
without causing rib fractures. On the left side it can be beneficial to choose the fifth intercostal space to facilitate
exposure of the left atrium.
186 C. Aigner and W. KlepetkoFigure 4 The so-called clamshell incision is a bilateral thoracotomy in the fourth intercostal space connected by a
transverse sternotomy. The internal thoracic arteries are ligated or clipped. This approach provides the best exposure
to both hili and the heart, especially when central cannulation for extracorporeal support is required. The decision to
use separate incisions or a clamshell incision is made based on the individual anatomic situation, the size of the
recipient chest cavity, and whether extracorporeal support will be required intraoperatively. LIMA  left internal
mammary artery; V  vein.
Bilateral lung transplantation 187Figure 5 The situs of the right hilum after completion of recipient pneumonectomy and preparation of the vessels.
The choice of which side is transplanted first is dependent on recipient and donor issues. The recipient ventilation
perfusion scan is a valuable tool in this decision process. Usually the functionally worse side is transplanted first, with
the intention of avoiding the need for extracorporeal support if possible. In the case of a quality difference between the
donor lungs, for example, due to traumatic alterations or other minor impairments, the better lung will be transplanted
first.
Pneumonectomy is performed in a standard fashion with stapling of the pulmonary artery and pulmonary veins
as peripheral as possible. The bronchus is prepared centrally and cut with a scalpel and the specimen is removed
from the chest cavity. Two polydioxanone 4-0 stay sutures are placed exactly at the edge between themembranous and
the cartilaginous portion of the main bronchus as shown. In patients with a history of tuberculosis, calcified nodes at
the recipient hilum can be a challenge during preparation. Any excessive lymphadenectomy can be a source of
significant bleeding from the mediastinum. The nodes should be prepared carefully and removed just enough to
perform a safe anastomosis. Denudation of the recipient bronchus beyond the level of the anastomosis should be
avoided by any means to prevent ischemic complications.10,11
Thereafter the pericardium is opened above the superior pulmonary vein and circumferential dissection of the left
atrium is performed while the veins are grasped with clamps. To complete the preparation of the hilum, the pulmonary
artery is gently pulled out of the mediastinum as well by clamps at the edges of the stapler line and dissected
intrapericardially as central as possible. Before the implantation of the donor lung, it is crucial to achieve accurate
hemostasis because parts of the chest cavity are difficult to reach once the lung has been implanted. The posterior
mediastinum especially can be a source of significant bleeding in patients with enlarged lymph nodes and can be closed
with a polydioxanone 4-0 suture. In patients with septic lung disease such as cystic fibrosis, the pleural cavity is rinsed
with antiseptic solution. During the entire procedure, special attention must be paid to avoid phrenic nerve injury. On
the left side the recurrent laryngeal nerve is also in an exposed location. In patients with infections, lung diseases or after
pleurodesis especially, significant adhesions along the mediastinum can be encountered that must be mobilized with
caution to avoid nerve injury. PA  pulmonary artery.
188 C. Aigner and W. KlepetkoFigure 6 The bronchial anastomosis, which is the first step in implanting the donor lung. Permanent topical cooling is
provided by ice slush, which is placed on the lung surface during the final preparations as well as during the
implantation inside the recipient chest cavity. A bacteriologic swab is taken and the bronchial system is flushed with
physiological sodium chloride solution to remove residual mucus retentions. The bronchial anastomosis is performed
in a single running suture technique using double-armed 4-0 polydioxanone, starting at 1 end of the cartilaginous part
and going over the membranous portion and then using the same single running suture for the anterior cartilaginous
part. In the case of a bronchial size mismatch, the imbalance is adjusted over the whole circumference.12 This is a time
efficient method that minimizes foreign tissue material around the bronchus and, in our experience, has a very low rate
of bronchial anastomotic problems. No efforts for coverage of the anastomoses with whatsoever tissue are usually
necessary except for occasional interposition of a donor pericardial flap in between the bronchus and the pulmonary
artery.
Bilateral lung transplantation 189Figure 7 The next step is the anastomosis of the left atrium. Two clamps are used to pull gently on the pulmonary veins
and a Satinsky clamp is placed centrally in the left atrium to ensure a sufficient cuff for the anastomosis. Hemodynamic
instability can be caused by partially occluding the left atrium; therefore, a close surveillance of the hemodynamic
situation is warranted before proceeding with opening the left atrium. PV  pulmonary vein.
190 C. Aigner and W. KlepetkoFigure 8 The staple lines are opened and the anastomosis is performed at a level where myocardial muscle tissue is
present, because at the level of the veins the tissue is usually too fragile to allow a safe anastomosis. A 4-0 running
Prolene suture is used. An everting suture technique with direct adaption of donor and recipient endothelium
minimizing the risk of thrombosis is preferable. After completing the anastomosis, the suture is secured with a clamp,
but at this stage is not yet knotted.
In the case of a size mismatch of the left atrium, it is usually possible to adjust that size difference along the whole
circumference. If the donor atrium is significantly smaller than the recipient, for example in lobar transplantation, it is
an option just to open either the recipient upper lobe or the lower lobe vein and perform the anastomosis from the
venous stump to the entire donor atrium. In addition, a reconstructive salvage technique for an insufficient or
completely separated donor atrial cuff using either donor pericardium or pulmonary artery remnant has been de-
scribed. A 5-0 Prolene suture can be used in a running fashion around each vein orifice, fixing the intima to the
pericardium and thereby creating a “neoatrial cuff.” The newly created cuff composed of pericardium is incised and
separated from the other hilar structures and used in the atrial anastomosis.13,14
Bilateral lung transplantation 191Figure 9 Thereafter the recipient pulmonary artery is centrally clamped and opened. The artery should be checked for
the pulmonary arterial catheter to avoid clamping the device. A final inspection of the length of the artery should be
performed at this stage and if necessary additional shortening must be performed to avoid kinking. The anastomosis is
again performed in a running technique using a 5-0 Prolene suture.
Before flushing the donor lung, the initial dose of immunosuppression, consisting of 500 to 1000 mg methylpred-
nisolone, depending on the recipient weight, is administered. All other immunosuppression is started in the intensive
care unit. PA  pulmonary artery.
nd par
192 C. Aigner and W. KlepetkoConclusions
The surgical technique for bilateral double-lung transplanta-
tion has undergone significant evolvement in the past 2 de-
cades and is performed nowadays in a similar way through-
Figure 10 Retrograde and antegrade flushing are performed
Initially the last stitches of the pulmonary artery anastom
partially opened but left in place. After sufficient retrogra
pulmonary artery is knotted. Thereafter the same procedur
of the atrial anastomosis and partially opening the clamp
knotted as well and all clamps are removed. Protective ve
stage. If the procedure is performed without extracorpore
manual compression of the pulmonary artery should be p
After completion of the first side, recipient pneumonectomy
way on the contralateral side.
Finally, meticulous hemostasis is performed with speci
which can be the source of significant bleeding. Fibrin glue
Chest drainages (24-French) are placed in the costodiap
to insert an additional small Jackson-Pratt drain in the pos
the standard chest drains to avoid compromising patient m
the thoracotomy is closed. For closure of the sternum and
polydioxanone cord is used. Standard steel wires are pron
We do not place epidural catheters preoperatively
combination of piritramid intravenously or diclofenac aout the world. However, variations in details remain. Despitethe fact that lung transplantation remains a technically de-
manding procedure, morbidity and mortality related directly
to the surgical technique can be minimized by meticulous
surgical performance and experience. The long-term survival
air the vasculature and flush out the preservation solution.
e reopened and the Satinsky clamp on the left atrium is
h, the atrial clamp is closed again and the suture on the
formed in an antegrade fashion by opening the last stitches
pulmonary artery. Thereafter the suture of the atrium is
n without manual recruitment maneuver is started at this
ort, a controlled reperfusion for 10 minutes with partial
d to avoid initial volume overload of the implanted lung.
plantation of the donor lung are performed in an identical
tion to the donor pulmonary ligament and pericardium,
ostatic gauzes can be applied on the vascular suture lines.
tic sinus and toward the apex on each side. It is beneficial
spect of each pleural cavity, which allows early removal of
tion while still providing adequate fluid drainage. Finally
tal arch in clamshell incisions, either a steel wire rope or a
igue fracture due to the respiratory excursions.
stoperatively. Pain management is performed with a
acetamol subcutaneously. PA  pulmonary artery.to de-
osis ar
de flus
e is per
on the
ntilatio
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erforme
and im
al atten
or hem
hragma
terior a
obiliza
the cos
e to fat
or poresults of bilateral lung transplantation are uniformly supe-
Bilateral lung transplantation 193rior to those of single-lung transplantation, making it the
preferred approach. In our center, a perioperative 30-day
survival of 95.8% is achieved with bilateral lung transplant
procedures. Long-term survival according to the ISHLT reg-
istry is 57% at 5 years, compared to 48% for single-lung
recipients. Even better results can be achieved in high-vol-
ume centers with 5-year survival rates approaching 70%.
Technical refinements in combination with advances in or-
gan preservation and immunosuppression have contributed
to improved long-term survival during the last decades.
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